Abstract Myocardial infarct expansion has been associated with an increased risk of infarct rupture and progression to heart failure, motivating therapies such as infarct restraint and polymer injection that aim to limit infarct expansion. However, an exhaustive review of quantitative studies of infarct remodeling reveals that only half found chronic in-plane expansion, and many reported in-plane compaction. Using a finite element model, we demonstrate that the balance between scar stiffening due to collagen accumulation and increased wall stresses due to infarct thinning can produce either expansion or compaction in the pressurized heart-potentially explaining variability in the literature-and that loaded dimensions are much more sensitive to changes in thickness than in stiffness. Our analysis challenges the concept that in-plane expansion is a central feature of post-infarction remodeling; rather, available data suggest that radial thinning is the dominant process during infarct healing and may be an attractive therapeutic target.
Introduction
Following a myocardial infarction (MI), long-term remodeling of both the damaged infarct region and the remaining viable myocardium is a critical determinant of patient outcomes and the risk of progression to post-infarction heart failure [1] . One commonly described feature of this remodeling process is infarct expansion, originally defined as the combination of thinning of the healing infarct in the radial direction and dilation in the circumferential-longitudinal plane (parallel to the epicardium, hereafter referred to as "in-plane") [2] . Over the decades since its original description, studies have shown that the risk of infarct expansion is greatest in patients with large, transmural, anterior infarcts and that expansion is associated with increased risks for rupture and progression to heart failure [3] [4] [5] [6] . In the first few hours post-MI, expansion apparently occurs via stretching and permanent rearrangement of damaged myocytes [7, 8] . Over the next few weeks, changes in infarct dimensions are determined by a more complicated balance between ongoing tissue remodeling and mechanical loading. Myocytes are degraded and resorbed and myofibroblasts infiltrate the tissue, depositing and remodeling a collagenous scar [9] . The resolution of edema and progressive myocyte resorption both contribute to infarct thinning, while infarct thinning and global left ventricular (LV) dilation both promote in-plane expansion by increasing wall stresses [10] . These pro-expansion forces are opposed by the progressive accumulation of collagen, which increases infarct stiffness, and possibly by active contraction of myofibroblasts within the scar, which may drive in-plane compaction [11] [12] [13] [14] .
Given the association of infarct expansion with risk for further complications, a number of recently developed therapies are designed to work primarily or partly by limiting infarct expansion. For example, local restraint devices have been sewn to the epicardial surface over the infarct to restrict in-plane dimension increases [15] [16] [17] [18] , polymeric materials have been injected into scar to increase scar stiffness and/or thickness and thereby resist distension [19] , myofibroblasts have been targeted to enhance scar compaction forces [11] , and collagen turnover has been pharmacologically modulated in order to increase collagen content and stiffness [20] . While individual studies have reported reduced local or global remodeling or improved LV function, many of these studies have shown surprisingly little benefit, and data from multiple studies of similar interventions often conflict. We hypothesized that some of this variability in the literature was due to differences among animal models in the time course of dimension changes in the damaged region following MI.
Accordingly, we conducted an exhaustive review of studies that quantified thinning, in-plane dimension changes, or other measures of infarct expansion in a range of animal models as well as in patients. To our surprise, we found that only half of studies reported in-plane expansion of healing infarcts beyond the first 24 h, and many reported in-plane compaction. Furthermore, measurements in unloaded, arrested hearts were less likely to show in-plane expansion. These findings suggested to us that progressive changes in infarct dimensions in vivo reflect a dynamic balance between infarct stiffening and increasing wall stresses due to thinning, a concept we tested using a computational model. Our results suggest a reinterpretation of the concept of infarct expansion beyond the first 24 h, wherein infarct thinning is the central, dominant feature of infarct remodeling while changes in in-plane dimension are variable and secondary to the balance between thinning and stiffening. Such a reinterpretation could provide clearer design goals for novel therapies currently in development for post-MI treatment.
Methods

Literature Review
We searched PubMed for studies containing title/abstract words "infarct"+"expansion"+("measure" or "dimension" or "size")+("serial" or "chronic"), published during the period January 1, 1950-July 28, 2015. An initial 72 matches plus additional studies referenced within those matches yielded 97 total reports for review. Many were excluded from analysis because they reported only composite measurements from which it was impossible to distinguish changes in infarct thickness from changes in one or more in-plane dimensions (e.g., infarct area measured in a short-axis slice from the LV).
The remaining studies reported serial measurements of infarct thickness (13 studies), in-plane dimension (27 studies), or both thickness and in-plane dimension (19 studies). Data from these studies were assimilated and included the following measurements: absolute thickness, thickness relative to remote myocardium, absolute circumferential or longitudinal segment lengths, circumferential segment length relative to LV circumference, infarct-containing segment length defined either using septal bisector or papillary muscle demarcations, and in-plane area. Importantly, some of these studies measured infarct dimensions in arrested, unloaded ventricles, while others measured them in vivo or following fixation under load. When unloaded, the infarct was usually identified by histological staining; when loaded, the infarct was usually identified as the akinetic-dyskinetic segment or by gadolinium-enhanced MRI. From the reported measurements, thickness and in-plane dimension ratios were calculated at each time point relative to the earliest measurement post-MI when assessing acute expansion and relative to the earliest measurement at least 24 h post-MI when assessing chronic expansion. Therefore, a relative thickness ratio <1 reflects thinning and >1 reflects thickening, while a relative in-plane ratio <1 reflects in-plane compaction and >1 reflects in-plane expansion.
Contributions of Infarct Stiffening and Thinning to Measured Infarct Dimensions
In order to systematically evaluate the combined effects of different degrees of infarct thinning and stiffening on infarct dimensions measured at end diastole, we constructed finite element models (FEM) of the infarcted rat left ventricle and the infarcted dog left ventricle in FEBio [21] . We utilized the geometry of infarcted rat and dog left ventricles 2 days after coronary ligation imaged in our lab using gadoliniumenhanced MRI. The endocardial, epicardial, and infarct outlines were traced, reassembled in 3D space, and fit in a prolate spheroidal coordinate system using previously published methods [22] . The fit was used to generate the FEM geometry consisting of 8400 elements for the rat and 7600 elements for the dog. Material properties were assumed to follow the neoHookean material constitutive relation in Eq. 1, with baseline parameters fitted to match LV end-diastolic pressure-volume relationships measured previously by Omens and colleagues in rats [23] and Fomovsky and colleagues in dogs [18] :
where W is the strain energy of the material, c is a stiffness parameter, Ĩ 1 is the first invariant of the deviatoric right Cauchy-Green deformation tensor, K is the bulk modulus, and J is the Jacobian of the deformation gradient tensor. In order to predict the effects of thinning and stiffening on loaded in-plane dimensions in the FEM, we systematically varied the infarct thickness in the unloaded state from baseline to 0.4× baseline, while also varying scar material stiffness parameters from baseline to 3× baseline, and then inflated the model ventricle from 0 to a typical end-diastolic pressure (10 mmHg for rat, 12 mmHg for dog) and calculated the resulting relative infarct circumferential segment length as the transmural average across 12 elements in the center of the infarct.
Results Previous Reports Show Both In-Plane Expansion and Compaction in Healing Infarcts
Among the 46 studies we identified that quantified changes in infarct in-plane dimension in mice, rats, dogs, pigs, sheep, baboons, and patients, the 8 that reported measurements over the first 24 h consistently reported in-plane expansion (Fig. 1a ) [5, 7, [24] [25] [26] [27] [28] [29] . By contrast, results from the 40 studies that measured dimensions beyond 24 h were surprisingly diverse: 20 showed significant in-plane expansion [4, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , 9 showed significant compaction [9, 14, [49] [50] [51] [52] [53] [54] [55] , and 11 showed no significant change in either direction [5, 27, [56] [57] [58] [59] [60] [61] [62] [63] [64] (Fig. 1b) . Interestingly, nearly all studies that reported inplane expansion beyond 24 h measured infarct dimensions while the ventricle was under load, while measurements in unloaded arrested hearts were more likely to show compaction than expansion. This suggested to us that the variability in reported in-plane dimensions could reflect variability in infarct stretching under load, rather than differences in rearrangement of cells or extracellular matrix as originally described for acute expansion; we therefore grouped studies by loading state in subsequent analyses. Plotting infarct thickness ratio over time, we found that studies consistently show infarcts progressively thinning over the healing time course, regardless of animal model and whether measurements were made in loaded or unloaded configurations (Fig. 2a) . Analyzing in-plane dimension ratio over time revealed that measurements made in the unloaded state typically show in-plane compaction, while those made in the loaded state show much more variability: modest changes at all times in patients, expansion on average in rats and sheep (particularly at later time points), and a surprisingly wide range of both compaction and expansion in dogs (Fig. 2b) .
Balance of Stiffening and Thinning Can Account for Variability in End-Diastolic Dimensions
Nearly all the studies that measured dimensions under load made those measurements at end diastole in vivo or in hearts fixed at end-diastolic pressure (39 of 49 explicitly stated this). To investigate the effects of infarct stiffening and thinning on in-plane dimensions at end diastole, we built FEMs of infarcted rat and dog ventricles in which we varied unloaded infarct properties and wall thickness and then computed end-diastolic infarct dimensions at typical end-diastolic pressures (10 mmHg for the rat and 12 mmHg for the dog). We found that, over a physiologically plausible range of values, the balance between infarct stiffness and thickness determined whether the infarct appeared to expand or compact in the circumferential direction relative to baseline (Fig. 3) . Figure 3b shows examples of the effects of stiffening alone or thinning alone in the rat to further illustrate the differences. Fig. 1 Infarct dimension studies report both expansion and compaction. Studies that made quantitative measurements of inplane (circumferential or longitudinal) dimensions at multiple healing time points consistently showed expansion over the first 24 h (a), but a mix of expansion (increased in-plane dimension), compaction (decreased), or insignificant change at later times (b). The balance of reported dimension changes differed when measurements were made in an unloaded (zero cavity pressure) or loaded state [4, 5, 7, 9, 14, 24-30, 32-64, 85] When stiffened 2.5-fold, the infarct circumferential dimension at end diastole decreased 16 % from 8 mm (baseline case) to 6.7 mm, a change that would be interpreted as in-plane compaction in a typical in vivo study; alternatively, when thinned to 0.6-fold, the end-diastolic circumferential dimension increased 40 % from 8 to 11.2 mm, a change that would be reported as in-plane expansion. Systematically comparing a range of stiffness and thickness combinations showed that about half of the simulated cases would display in-plane infarct expansion and half would display infarct compaction based on dimensions measured at end diastole, consistent with the balance of reports from the literature review presented above (Fig. 3c) . Interestingly, in-plane stretch during simulated filling was substantially more sensitive to changes in thickness than to changes in stiffness; therapeutic implications of this finding are discussed below. Compared to the rat model, the same degree of infarct stiffening had a slightly smaller effect on end-diastolic dimensions in the dog model, but all other trends were similar (Fig. 3d, e) . We note that some infarcts have been reported to be structurally and mechanically anisotropic [65] [66] [67] , in which case in-plane stretching in the circumferential and longitudinal directions could differ; however, deformation in either direction would still reflect the balance between stiffness in that direction and wall thinning.
Discussion
Infarct expansion is a widely recognized feature of postinfarction remodeling that is associated with worse clinical outcomes and has been targeted by a number of recently developed therapies. Yet, a careful review of quantitative data in the literature reveals that beyond the first 24 h, only 20 of 40 studies reported statistically significant in-plane expansion, and sheep were the only species whose infarcts reliably expanded. In addition to highlighting the prevalence of infarct compaction, our literature review clearly shows how strongly apparent infarct remodeling depends on the loading state in which the measurements are made. When infarct dimensions are measured at diastolic pressures, chronic expansion is reported 60 % of the time (20/34 studies), but measurements in unloaded arrested hearts show expansion only 30 % of the time (3/10). Using a simple finite element model, we showed that the competing balance between scar stiffening and thinning can give rise to either apparent compaction or expansion under load, even when infarct in-plane dimensions remain unchanged in the unloaded state, an observation that could explain much of the variability in literature reports.
There are three important therapeutic implications of the data reviewed here. First, the wide range of in-plane dimension changes that occurs in vivo across different animal models may explain variability in the reported success of local Fig. 2 Healing infarcts thin, sometimes expand, and sometimes compact. Infarct dimensions from studies of rat, dog, pig, sheep, baboon, and patient infarcts were compared by calculating remodeled dimension ratios (thickness and in-plane) as the scar dimension at a given time relative to that dimension at the initial measurement at least 24 h post-infarction [4, 5, 9, 11, 12, 14, 27, 30-64, 80, 84, 86-91] . Analysis shows that infarcts consistently thin (a), frequently compact when measured in the unloaded state (b), and sometimes expand and sometimes compact when measured in the pressurized LV (b) biomaterial-based and surgical strategies in limiting postinfarction remodeling. Broadly, whole-ventricle restraints have consistently reduced ventricular dilation post-MI; however, localized epicardial patches and localized polymer injections that support only the infarcted region have produced more variable results (Table 1) [15, 16, [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] . More specifically, of the few local support studies that report in-plane scar dimensions, only three significantly decreased infarct expansion [69, 76, 80] , while two produced no change [75, 80] and one even increased in-plane expansion [74] . We suggest that this disparity in reported effects of local vs. global support is at least partly due to the fact that infarcts do not always expand even when untreated; therefore, local support will only sometimes produce a change in dimensions.
Second, our finite element model results suggest that increasing scar stiffness or increasing scar thickness can both limit in-plane stretch of the infarct region, but that scar thickness might be a more productive target than scar stiffness since much smaller changes in thickness are needed to achieve a given reduction in dimension (Fig. 3) . For example, starting at the center of Fig. 3c (thickness=0.7× and stiffness=2×) , to completely normalize end-diastolic circumferential dimensions would require a 19 % increase in stiffness but only a 5 % increase in thickness. This high sensitivity to thickness is consistent with an earlier computational study by Wall and with several studies that have reported reduced LV dilation following interventions that made infarcts thicker but also more compliant [70, 82, 83] . Indeed, out of 15 interventions listed in Table 1 that significantly increased thickness, 10 led to either decreased cavity volume or improved ejection fraction or fractional shortening. On the other hand, there is very limited data on the efficacy of increasing infarct stiffness using polymer injectables. Only two of nine studies listed in Table 1 measured tissue properties following treatment. Mukherjee and colleagues reported no change in the tensile modulus of pig infarcts injected with fibrin-alginate as measured by pressure-strain curves in intact ventricles [76] . Ifkovitz and colleagues also found no significant change in the tensile modulus of sheep infarcts injected with a methacrylated hyaluronic acid as measured by ex vivo tensile testing of Fig. 3 Infarct stiffening and thinning can produce apparent compaction or expansion. Finite element models of an infarcted rat ventricle (a) and infarcted dog ventricle (d) were developed from gadolinium-enhanced MR images and used to predict the changes in end-diastolic (loaded) infarct circumferential segment length resulting from changes in unloaded infarct stiffness or thickness (b, c, and e). End-diastolic circumferential dimension ratios increase (ratio >1, usually interpreted as in-plane infarct expansion) as the infarct thins, but decrease (ratio <1, in-plane compaction) as the infarct stiffens infarct tissue, but they did show a significant increase in compressive modulus [80] .
A final important implication of this analysis is that the prevalence of infarct compaction suggests that intrinsic compaction mechanism(s) exist within the scar, which if better understood could potentially be harnessed for therapeutic reduction of infarct size. Consistent with this hypothesis, Laeremans et al. and Barandon et al. modulated Wnt/ Frizzled signaling in order to increase fibroblast density in mouse infarcts in an attempt to enhance cell-mediated compaction of the scar; these treatments increased scar thickness and reduced scar area, in spite of decreased scar collagen content [11, 84] . It is worth highlighting that while therapies that aim to restrain in-plane expansion will only be beneficial in cases where the baseline infarct is expanding, therapeutically enhancing infarct compaction may potentially show benefit regardless of whether the baseline infarct is expanding or compacting on its own.
One limitation of this review is that the infarct dimension changes reported in Figs. 1 and 2 were assimilated from studies that reported a variety of infarct measurements (absolute circumferential segment length, circumferential segment relative to whole-ventricle, infarct-containing segment from papillary to papillary, and others). Though we report values normalized within each study, some of these measurements are confounded by borderzone or remote remodeling. Another limitation is that studies that met our inclusion criteria of reporting quantitative measures of thickness and/or in-plane dimension at multiple time points after infarction were not evenly distributed in time or among species. Broadly, studies from the 1970s and 1980s were much more likely to report quantitative measures than more recent studies, and studies in some animal models-particularly dogs-were more likely to report quantitative measures than studies in humans. For example, although our initial PubMed search identified 21 studies in patients, only 9 of these reported quantitative in-plane measures and only 1 of those studies was published after 1996. Additionally, we should note that since we normalized chronic infarct dimensions to the first measurement taken at least 24 h post-MI, it is possible that observed compaction may partly be due to edema resolution. However, it is doubtful that edema resolution would account for progressive compaction beyond 4 weeks as was seen in numerous studies (Fig. 2) . A broader limitation of the analysis presented here is that it focuses narrowly on infarct expansion-how frequently it occurs and why designing therapies that prevent it has proven more difficult than originally expected. How geometric remodeling in the infarct affects remodeling in the remaining non-infarcted myocardium and ultimately modulates the risk of post-infarction heart failure remains an important topic of study. Accordingly, even approaches reviewed in Table 1 that effectively altered in-plane infarct remodeling did not necessarily limit global remodeling or improve LVejection fraction. In summary, a comprehensive review of quantitative data available in the literature challenges the concept that in-plane infarct expansion is a central feature of post-infarction remodeling. Rather, available data suggest that radial thinning is the dominant process during infarct healing and may represent an attractive therapeutic target. In addition to preventing infarct thinning, promoting or enhancing infarct compaction may be an underappreciated therapeutic opportunity.
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